Abstract. This is an overview of selected problems in the study of white dwarf pulsations. Whole Earth Telescope observations have uncovered a variety of interesting phenomena, many of which remain unexplored. This paper emphasizes those which might translate into practical tests of the input physics used to construct stellar models.
Introduction
The most ingenious models theorists can concoct will always be limited by an incomplete understanding of physics and a finite imagination. Real physical objects, like stars, do not suffer from either of these problems. Their behavior is always surprising and often bewildering in its variety, and their adherence to the laws which govern matter and energy is complete. For this reason, new observations and experiments always drive science forward, demanding new and better theories. This paper is a subjective overview of where Whole Earth Telescope observations of pulsating white dwarfs are leading us. The unique capability of the WET to resolve the white dwarf pulsation modes has provided large amounts of observational data, some of which makes sense in the context of existing theory, much of which * Hubble Fellow does not. This review will emphasize observations we do not understand, and speculate about the theoretical and observational developments that will be necessary to improve our understanding.
The great promise of white dwarf seismology is not merely that it will teach us about stellar structure, but that ultimately these structural constraints will translate into practical tests of underlying physical theory. In this paper, I have tried to keep this goal in the foreground, both in the selection of interesting observations and in the tenor of the discussions which follow.
The DOV and PNNV stars
The discovery of RXJ 2117+34 has made the distinction between the DOV and PNNV classes invisibly fine, so I will discuss them together. WET has observed 4 members of this class: PG 1159-035 (2 times), PG 1707+427, PG 2131+066 and RXJ 2117+34. The results for PG 1159 (the first run) and PG 2131 are published, the other data are under analysis.
The first WET observations of PG 1159 (Winget et al. 1991 ) marked the beginning of white dwarf seismology. In a beautiful confirmation of the theory of non-radial g-mode pulsations (Tassoul 1980 , Kawaler 1987 , the power spectrum revealed a sequence of modes roughly equally spaced in period, many of which were split into groups of three, suggesting I = 1 modes. Closer inspection revealed additional groups with five components, suggesting t = 2. The ratio of the I = 1 to I = 2 period spacings and frequency splittings conformed to the expectations of theory. Kawaler & Bradley (1994) have calculated pulsation models to compare to these observed modes in order to measure the mass, luminosity, helium layer mass, and rotation rate of PG 1159. Data from the second WET run will challenge these models to see if they correctly predict the rate of period change in modes other than 516 s, for which the models now successfully reproduce the sign of the published value (Winget et al. 1985 , Kawaler & Bradley 1994 .
These successes should not be allowed to obscure our total inability to understand many conspicuous features of the power spectrum of PG 1159 and the other DOV pulsators. Mode amplitudes, in particular, present a many-faceted mystery: modes of the same k and I but different m show systematic amplitude effects different from those expected due to inclination; modes of same i but different k do not have relative amplitudes related to mode kinetic energies in the models, and for no star do we know why the pulsations axe grouped in the period region where we find them. The last problem is the most interesting and the one for which models fail most spectacularly -refusing to exhibit pulsational driving at any period (Starrfield et al. 1984 , Stanghellini, Cox & Starrfield 1991 . The stars are much more illuminating. When ordered roughly according to their surface gravity, they show the curious period progression depicted in Fig. 1 , which is is an expanded version of a figure from Clemens (1994) , and from Kawaler (1995a) . As Fig. 1 shows, the region of dominant power moves from long period in the less evolved (lower gravity) stars, to shorter period in the more evolved (higher gravity) stars. This progression may be a clue to the nature of the pulsation driving mechanism in these stars, but we require the assistance of reliable theoretical models to decrypt it.
In the absence of models which pulsate, we can engage in some limited speculation. If the region of dominant power is related to the thermal timescale at the base of the driving region, as is apparently the case for DAV pulsators, then that timescale must be shorter in the more evolved stars. As a reminder, the thermal timescale is:
where C v is the heat capacity, T the stellar temperature, L is the luminosity, and Mpj. the mass above the base of the driving region, presumed here to be a partial ionization zone. Because the rapidly falling luminosity will lengthen the thermal timescale much faster than the falling temperature will shorten it, M p .i. must grow small rather quickly to produce the progression of Fig. 1 (ignoring changes in the heat capacity). This is not a totally impossible requirement, even though the drop in temperature tends to increase because the increase in gravity can increase the effects of pressure ionization. This can decrease M p _i, as required, but can it decrease it fast enough to explain Fig. 1 ? The answer to this requires evolutionary models, but not necessarily non-adiabatic pulsation codes, and will undoubtedly illuminate the nature of the driving mechanism.
It is more exciting to invert this discussion. If we are willing to assume, or can independently demonstrate, that partial ionization of a particular state of a single species is responsible for driving pulsations in all the stars of Fig. 1 , then that diagram is a diagnostic of how the base of the partial ionization zone moves outward in mass for the observed change in L and T. Measurements of the dominant pulsation periods for a sample of stars can then dictate how the outer layers of evolutionary models must contract independent of the requirements imposed by rates of change in the pulsation periods. Whenever we find model behavior constrained by independent observational measurements, it is cause for celebration, because it may offer the possibility of testing the physics used in the models. In this case we should at the very least learn whether the pressure ionization term used in the model equation of state is realistic, an important test of the physical theory used to calculate it. O'Brien will explore this possibility as part of his dissertation. Because the average period spacing is dependent on temperature as well as total mass, and the temperature range of these stars is quite large, mass and temperature must conspire in a disturbingly precise way to give these almost identical values for the average period spacing. We can postpone the need to explain this by noting that Vauclair et al. (1995) find 16.1 s for PG 0122 from an independent data set. But if the WET observations scheduled for 1996 follow the O'Brien et al. result, then we will be cornered.
Perhaps we will find that having a period spacing near 21.5 s is a condition for pulsation, neatly eliminating the need for conspiracy. If so it will raise difficult questions about the relative numbers of pulsators and non-pulsators among the PG 1159 spectral types.
Finally, I cannot resist noting that there is a mode very close to 450 s in all of the stars plotted in Fig. 2 . A careful investigation of the real power spectra shows that the 450 s mode is peculiar in every star; its frequency splittings do not look like t = 1 or £ = 2, based on the appearance of other modes in each star. This may be an accident rather than a meaningful pattern, but it is worth watching in future observations, especially if new members of the class are discovered with periods in the same range as these specimens.
In conclusion, we are still well away from a complete phenomenological description of the DOV and PNNV stars, and farther still from theoretical understanding. Since they represent the closest connection between the white dwarfs and their immediate progenitors on the asymptotic giant branch, they are important for understanding the late stages of stellar evolution. Furthermore, the instability strip apparently spans a large range in surface gravity, so the DOV and PNNV will provide interesting tests of model physics not possible using stars from the cooler instability strips.
The DBV stars
I have little new to say about these stars, so I will use them to motivate another theme of this workshop -improvements in WET instrumentation. Winget et al. (1994) have published WET observations of the brightest DBV, GD 358. These data showed numerous surprises: a trapping boundary only 10 -6 M* beneath the surface, evidence for differential rotation in the frequency splittings, and an unusual array of sum and difference frequencies. The immediate question is whether these properties are unique to GD 358, or common among the DBV . Unfortunately, observations of PG 1115+158 showed very little other than the star is too faint for our network of mostly 1 meter class telescopes. The same is true of the other DBVs except PG 1351+489, which unfortunately shows very few pulsation modes.
O'Donoghue (1993) introduced the creature Tyrannosaurus WET at the previous WET workshop; I revive him here to discuss further his limitations. Due to deficiencies in either his brain or his eyes, he is unable to see the DBV stars just beyond his grasp in Fig. 3 Bond et al. (1995) and Kawaler (1995b) have shown us that network observations using CCDs are both possible and useful. The reports of O'Donoghue (1995) and C.F. Claver in this Workshop argue that the superior quantum efficiencies and extra spatial information offered by CCDs relative to the photomultipliers we currently use will allow useful observations of all the DBV stars listed in Fig. 3 . We must begin a coordinated effort to develop and deploy CCD timeseries photometers at the sites in the WET network, otherwise an entire class of stars will remain beyond our reach.
The DAV Stars
At the workshop in Lithuania, I attempted to show that there is a suspicious similarity in the power spectra of the DAV stars . Fig. 4 , which is like the one in with an extra panel at the bottom, shows the pattern formed by the shorter period (hotter) DAVs. Fig. 5 , also with a new panel, shows the modes of the longer period (cooler) stars. Whether or not everyone agrees that these patterns are meaningful, all must agree that they are testable. If the tendency to prefer the same periods is a universal quality of DAV stars, then any new modes discovered, either in known or newly-discovered DAVs, must conform to the pattern established in Fig. 4 .
Fortunately, within the last year, Stobie et al. (1995) have published the discovery of a new ZZ Ceti star and Nitta (1995) has acquired observations of a G 238-53 which show previously unknown modes. The periods published by Stobie et al. (1995) for EC 14012-1446 are depicted in the panel at the bottom of Fig 5. Fig. 6 shows the power spectrum of the data from Nitta (1995) , and the extra panel at the bottom of Fig. 4 shows how the periods compare to the published pattern. In both cases the match is striking. The dotted lines indicating the average location for each group had to be truncated before they obscured some of the newly discovered modes.
I have taken the existence of these patterns to mean that modes of a particular i and k fall at roughly the same period in every DAV. This implies that all DAVs not only have similar masses (as expected for DA stars -Bergeron, Saffer & Liebert 1992), but also similar surface hydrogen layer masses. Perhaps this is no surprise, since the standard evolutionary models reviewed by Iben & Renzini (1993 and references therein) predict that DAs of similar total mass should have similar hydrogen layer masses, because the H layer mass is set in the models by nuclear burning. The total mass fixes the surface H layer mass by establishing the depth beneath which nuclear fusion converts hydrogen to helium. These models also predict a specific value for the surface hydrogen layer of white dwarfs with average mass (0.6 M©) -it should be ~ 10 -4 M*. Interestingly, this is just the value required to match the pulsation periods of models of Bradley (1993) and Brassard et al. (1992b) to the aggregate pattern identified in the DAV spectra, given the most likely mode identification (a sequence of primarily i = 1 modes with k = 1 represented by the group at 120 s).
If the uniformity among DA period spectra is due to similarity in total mass and H layer mass, as appears from the preceding discussion, then we may think of the composite pattern as the period spectrum of an "average" DAV. The width of each group is then an indication of the range in mass, H layer mass, and, to a lesser degree, the temperature exhibited by the DAV stars. Furthermore, since total mass is the dominant quantity affecting mode periods, it is sensible to suppose that the location of modes within each group should be correlated with total stellar mass. Clemens (1994) found evi- dence for such a correlation, but few published spectroscopic masses were available. Bergeron et al. (1995) have remedied this, and Fig. 7 shows the result of plotting their gravity determinations against the periods of modes in the hotter DA stars. Specifically, the period axis shows how much each star's largest period must be shifted to line up with the mean of its group. The result is even stronger evidence for a correlation. The line shows the best linear fit to the data, but is not meant to imply that we expect a linear relationship between gravity and period.
It is illuminating to ask whether the size of the period differences correspond to those expected from pulsation models, given the measured range of masses. Brassard et al. (1992a) express the effect of various quantities on mode periods for trapped modes using a parameterization of their model grids. 
where Aj is a trapping coefficient and q(H) is the fractional mass of the surface hydrogen layer. We should not take this formula too seriously, because it is a parameterization over models with a large range of q(H) and only applies to trapped modes, but it serves to illustrate some points. First, the change in period with respect to mass calculated from Eq. 2 is much larger than we see in Fig. 7 for the lowest possible values of Aj (the fit is worse for higher A,). This problem can be resolved if the hydrogen layer mass decreases as the total stellar mass goes up, which is the expected dependence from evolutionary theory (D'Antona & Mazzitelli 1979) . The theoretical dependence arises because the more massive stars have higher gravity, and burn more of their surface H layer into He. This suggests that we should use the period shifts in Fig. 7 , along with appropriate pulsation models, to derive a relationship between q(H) and total mass. The possibility of measuring a q(H)-total mass relationship from pulsation data is again cause for excitement, because models like those of Iben and McDonald (1985) yield q(H) for a given mass from evolutionary considerations, independent of seismological measurements. By demanding that q(H) vs. M from a grid of model masses evolved according to the prescription of Iben and McDonald (1995) match the q(H) vs. M required to reproduce the observed pulsation periods, we can test the evolutionary models. In particular, we will learn whether the density and temperature dependence assumed for the hydrogen burning nuclear reaction rates is realistic. These rates are not as controversial as they should be, considering the difficulties with theoretical descriptions of dense plasmas of mixed composition (see Ichimaru 1994) .
Finally, Fig. 8 shows all the modes from all the DAs on one plot, and beneath that the dominant mode from each star. The preference for dominant modes around 250 s, 600 s and 900 s suggests the effect of mode trapping with a cycle much longer than that expected from a 10 -4 H layer mass. Could this be the effect of interplay between trapping at the hydrogen to helium interface and the deeper interface between helium and carbon-oxygen? If so it presents the possibility of measuring the helium layer. Otherwise, it suggests a trapping boundary above the base of the hydrogen layer, perhaps the base of the driving region itself. It is a pattern worthy of further observational and theoretical pursuit.
In spite of many awkward disadvantages, the DAVs hold a compelling advantage over the other pulsating white dwarfs: there are more of them. We should fully exploit this advantage by observing the DAVs whenever possible. Many of them have only several hours of published observations, so even short runs can significantly improve our knowledge of their mode structure, as the data from Nitta (1995) for G238-53 demonstrate. For the more patient observer, Kleinman (1995) has shown how useful determined, consistent observations can be, particularly for the large amplitude pulsators. Changes in the spectrum of observed modes eventually paint out a meaningful mode spectrum which can be interpreted.
Conclusions
It is an exciting time for the Whole Earth Telescope. The white dwarfs are beginning to yield their secrets. The best of these secrets will improve our understanding of the behavior of material at high temperatures and densities but will require the assimilation of vast amounts of data, and persistent theoretical modeling. These efforts cannot be parallel; they must regularly intersect. We will make the most progress if the observations are allowed to guide the theory and the theoretical calculations are permitted to influence the choice of observations we undertake.
